Abstract. In recent years very strong efforts have been undertaken to build light weight structures of car bodies in the automotive industry. Structural technologies like Space Frame, tailored blanks and relief-embossed panels are well-known and already in use. Beside that there is a large assortment of design materials with low density or high strength. Magnesium alloys are lighter by approximately 34 percent than aluminum alloys and are considered to be the lightest metallic design material. However forming processes of magnesium sheet metal are difficult due to its complex plasticity behavior. Strain rate sensitivity, asymmetric and softening yield behavior of magnesium are leading to a complex description of the forming process. Asymmetric yield behavior means different yield stress depending on tensile or compressive loading. It is well-known that elevated temperatures around 200°C improve the local flow behavior of magnesium. Experiments show that in this way the forming limit curves can be considerably increased. So far the simulation of the forming process including temperature, strain rates and plastic asymmetry is not state-of-the-art. Moreover, neither reliable material data nor standardized testing procedures are available. According to the great attractiveness of magnesium sheet metal parts there is a serious need for a reliable modeling of the virtual process chain including the specification of required mechanical properties. An existing series geometry which already can be made of magnesium at elevated temperatures is calculated using the finite element method. The results clarify the failings of standard calculation methods and show potentials of its improvement.
Introduction
More than ever it is important to reduce the weight of car body structures. Fossil fuels have to be saved and pollutant emissions reduced. Next to the economic and environmental goals the structural weight has to sidestep safety and luxury features. The method for systematic mass reduction is well known as automotive lightweighting. A significant aspect of lightweight design is the application of lightweight materials. Using materials like titan alloys and high strength steels reduces the thicknesses of parts by their high specific strength. Aluminum and magnesium alloys are well known for their very low specific weight as design materials.
For vehicle design, aluminum alloys like 5xxx and 6xxx are already in use to reduce the weight in certain areas of the car body. Especially hang-on parts like fenders, lids and doors made of aluminum degrade roll and pitch motions of the vehicle and driving dynamics can be improved by that. Lids, doors and newly retractable hard top systems are parts which consist of an outer panel and a structural part. At the time making these kinds of parts of aluminum is no longer a serious problem. Phenomena like springback after the forming process and sliver formation during following production processes are more and more understood and manageable. Years ago there was a marginal belief in aluminum as a construction material for mass production of car bodies. Today up to 1200 units of bodies a day which include aluminum parts are produced.
Near relatives of aluminum alloys are magnesium alloys, but only because of their low density. There are two major problems for magnesium sheet metal compared to aluminum sheet metal: the high price and the bad processability at room temperature. The price is a function of time and technology development. At the moment, magnesium experiences a renascence because of the further development of sheet metal production. For example a new production technology for magnesium sheet using a casting-rolling process has been developed at ThyssenKrupp Magnesium Flachprodukte GmbH, Freiberg, Germany [1] . Lower prices are expected in the near future. The small formability of common magnesium wrought alloys like AZ31 (3% aluminum, 1% zinc) at room temperature restricts the machining for the automotive industry. This problem can only be avoided by a hot forming process at elevated temperatures around 200° Celsius [2] .
As you can see in Table 1 several properties of magnesium alloy (AZ31) and aluminum alloy (AA6016) used in series production are specified. The comparison of the selected structural properties shows the potential of magnesium for sheet metal components. The most significant aspects pro and con magnesium are the low density and the high price. 
Because of its low density, weight savings up to 34 percent could be realized. The corrosion potential of magnesium against iron is worse than aluminum against iron. That demands a very careful use of corrosion protections [3] . The fire danger of magnesium is due to its comparative low liquidus temperature and its intense reactive behavior against air and water. The structural properties like bending rigidity and dent resistance of magnesium plates are remarkably excellent compared to aluminum. An already mentioned barrier for the increase of magnesium sheet metal applications is still its high price. But comparing the raw prices of these two materials with the final prices for rolled blank, the potential for optimization of all interfacing processes is obvious.
The motivation of producing magnesium sheet metal components is very changeable. At the moment, activities for weight savings in outer areas of the car body have a great attractiveness especially for cars with very high optimized driving dynamics. Higher costs for any magnesium sheet metal components appear therefore acceptable. At a time where magnesium sheet is still too expensive for a mass production, an existing series part, conventional made of aluminum AA6016, has been chosen to get first experiences with forming processes for car body components. The
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influence of reduced mass should have a noticeable benefit for the function of the part itself and the vehicle. Therefore, a retractable hardtop module of a convertible moved to the center of interest. Fig. 1 shows the selected part of the roof module, the roof inner of the retractable system. Corrosion problems and demands on joining technologies have an inferior impact for a structural part like a roof inner. For the forming process it is a challenge to realize structural parts. Weight savings of 1 kg are assumed, considering its function as a load carrying part. The loads on the roof inner are wind-forces and vibrations at higher speeds. In case of a rollover an integrated hoop guard protects the passengers of serious damage. Another demand to the part is no braking and shivering inside the car. The aim is to form magnesium blank in the style of a conventional deep drawing process. But the hexagonal crystal structure of magnesium leads to a different forming behavior as aluminum, which has a face-centered cubic lattice. Elevating the forming temperature extensively improves the formability of magnesium sheet, which demands a hot forming process. The virtual inspection of complex process steps plays a major role in process chains in the automotive industry. The sheet metal forming is such a process, which nowadays, is predefined and optimized by software tools like finite element programs. The experience of simulating deep drawing processes at room temperature for soft steels and aluminum alloys shows a very high expressiveness. Meanwhile, this process has a large accordance to reality. A forming process of magnesium requires a differentiated approach because of its very complex forming behavior. Common material models cannot perform the plasticity behavior of magnesium [4] . Therefore, alternative methods for material modeling have to be checked. The description of the forming behavior of magnesium and the material testing has an enormous influence on the accuracy of the results.
Formability of magnesium sheet metal
A mechanical deformation of magnesium wrought alloys requires proper understanding of its plastic behavior. According to its hexagonal structure a monocrystal at room temperature only has one gliding plane and three directions of slip. Therefore, the possibility of plastic shear for a hexagonal crystal structure is highly constricted.
In a rolled blank the orientation of the crystals inside a grain is expected to be equidirectional. The grains themselves are irregularly arranged inside the blank. The texture, form and size of the Advanced Materials Research Vols. 6-8grains can be influenced by the rolling process, the rolling direction and heat treatments. Fig. 2 shows the schema of the grain distribution of magnesium rolled blank. Alloys like AZ31 contain further elements like aluminum and zinc. The atoms of these elements are also embedded in the lattice and, of course, have an influence on the material properties. But in the course of an exemplary description of the plastic behavior this influence shall be ignored. Elevating the temperature activates additional gliding planes like prism and pyramidal planes inside the crystal because the immovability of the atoms increases.
Rolling
It is well known from experiments that the formability of magnesium alloys can be properly improved at elevated temperature around 200°C. Forming temperatures more than 230°C lead to softening effects. For deep drawing processes temperatures above 230°C cause necking in wall regions, because the pressing force is applied via the drawing punch into the bottom surface of the drawn part. Softening effects can have different reasons like recovery or recrystallization [5] .
In Figure 3 the results of uniaxial tension tests of magnesium sheet AZ31 can be seen. The significant influence of the temperature on the formability is clarified in Fig. 3a) . In a temperature field between 170°C and 230°C the yield stress clearly falls compared to the flow curve at room temperature. The plastic strain increases also with cumulative temperatures. This diagram very simply shows the temperature ranges where forming applications are suggestive. Fig. 3b) shows a stress-strain diagram considering three rolling directions at 200°C. The influence of the rolling direction on mechanical properties disappears at elevated temperatures. In Fig. 3c ) strain rate effects can be seen at 200°C. The curves show the importance to consider higher yield stresses while increasing strain rates. Fig. 3d ) points up a significant influence of the load direction on the yield stress of magnesium at room temperature. The influence at elevated temperatures is not well tested at the moment.
Taking the summarizing into account, the yield behavior of magnesium AZ31 at elevated temperatures the strain rate sensitivity has the most significant influence on the forming process. Practical experiences show an optimum of the application potential for more complex geometries at 200°C to 220°C. For further investigations the strain rate effects were considered in a simulation process. The yield asymmetry was not considered because of missing data at 200°C. Simulation of blank heating using ABAQUS
The task was to draw the structural part, shown in Fig. 1 , of magnesium using a conventional deep drawing die. For realizing this geometry a hot forming process was heated for achieving the drawing depth without cracking. Therefore, the conventional die was duplicated and completed by a heating installation. A temperature of 220°C can be achieved on the active die surfaces. Fig. 4 describes the temporary procedure of heating and forming magnesium blanks. A cold magnesium plate is heated via the hot die surfaces. The temperature of the active die surfaces can be kept constant and nearly homogeneous. The heat conduction inside the blank was simulated using ABAQUS. Heat transfer from hot air to non contacted areas of the blank was also considered. The air temperature was assumed to be 180°C as you can see in Fig. 5 . To improve the blank heating the punch was moved up to the blank which generates a larger contact zone for heat transfer. 
Simulation of blank forming using LS-DYNA
An average homogeneous blank temperature of 200°C was assumed, based on the heating simulation results using ABAQUS. The flow curves for the forming simulation were approximated using Voce Eq. 1 and Hocket-Sherby Eq. 2 shown in Fig. 7 . Using flow curves at low strain rates like 1 ϕ & the yield stress is too small for a sufficient load transmission towards the plane of the sheet metal. The simulation results (Fig. 8) show a very strong thickness reduction and collapse of the elements in these areas. In order to minimize the calculation
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Sheet Metal 2005 period a section had been cut out which includes areas of maximum strain. On this section further variations of input data and material models could be done. According to the boundary conditions of the big model the conditions of the section were adapted to these. The magnification of the elements shows the material failure because of a localization of plastic strains. For further investigations MAT_024 (MAT_PIECEWISE_LINEAR_PLASTICITY) from LS-DYNA was chosen. This type is an elasto-plastic material model which allows a definition of arbitrary strain rate dependency [9] . Therefore, a table was defined which includes all flow curves shown in Fig. 7 .
The simulation results using the piecewise model approve the functionality of the material model. During the simulation the plastic strains are calculated. Differentiation results in the local strain rates. The local yield stress will then be adapted to its corresponding strain rate. Thereby a stabilization of localizations can be achieved. The thickness of the cut-out of the whole part is shown in Fig. 9 . The comparison of the corresponding elements, taken from the cut-outs, shows a large influence of the material model on the thickness reduction. The material model *MAT_024 is not optimized jet in order to have shorter calculation periods compared to *MAT_036, which is already well improved. Therefore the calculation which includes the strain rate dependency took approximately two times longer then the conventional calculation.
Conclusion
To ensure a homogeneous temperature inside the blank before and during the forming process the heat transfer via the die surfaces, also via ambient air and the heat conduction inside the blank could be well represented using ABAQUS. A verification of the simulation results with experimental measurements has to be done in future work.
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Some significant influencing variables for a hot forming process of magnesium sheet metal at temperatures around 200°C were identified. Beside other parameters, the strain rate sensitivity has to be well considered when using finite element programs. The simulation results already show that further investigations in the field of magnesium forming should be undertaken. The used material model could approximately represent strain rate effects but has a slow performance.
The anisotropy and tension-compression asymmetry have to be specified using other testing procedures. This allows a complete description of the yield locus depending the strain rate and temperature. Commercial finite element codes like LS-DYNA offer a multitude of material models for different applications. The forming process of magnesium at elevated temperatures requires an optimized material law. This optimization is necessary in order to stabilize the process chain for an industrial usability of magnesium sheet.
